We report on silicon delta doping of metalorganic vapor-phase epitaxy-grown β-Ga2O3 thin films using silane precursor. Delta-doped β-Ga2O3 epitaxial films are characterized using capacitance-voltage profiling and secondary-ion mass spectroscopy. Electron sheet charge density in the range of 2.9 x 10 12 cm -2 to 8 x 10 12 cm -2 with a half width at half maximum ranging from 6.2 nm -3.5 nm is measured. We also demonstrate a high density (6.4 x 10 12 cm -2 ) degenerate two-dimensional electron gas using a delta-doped β-(Al0.26Ga0.74)2O3/β-Ga2O3 heterostructure.
β-Ga2O3 is an ultra-wide bandgap semiconductor (Eg~ 4.6 eV) with predicted high critical breakdown field strength (6 -8 MV/cm), making it an attractive alternative to other wide bandgap semiconductors 1) . Very high electron mobility values close to theoretically predicted [2] [3] [4] maximum of 200 cm 2 /V. s have been reported in β-Ga2O3 thin films grown by metal-organic vapor-phase epitaxy [5] [6] [7] (MOVPE) and hydride vapor phase-epitaxy(HVPE) 8) .
Critical breakdown field strength exceeding GaN has already been demonstrated by multiple groups in both vertical 9, 10) and lateral power devices 11) . In addition to high power applications, β-Ga2O3 is also attractive for high-frequency applications 12) such as RF power amplifiers and RF switches 13) , due to the combination of high breakdown field along with a saturation velocity ~ 10 7 cm/s 14, 15) .
A variety of lateral transistor designs have already been studied using a uniformly doped β-Ga2O3 channel 16, 17) and exfoliated β-Ga2O3 [18] [19] [20] . The performance of these devices is limited mainly by the epitaxial film quality, dielectric interface and contact resistance. In contrast to uniformly-doped thin films, channels with extremely narrow dopant profiles (delta-doped semiconductors) offer an alternative device topology, which can potentially enable superior performance than conventional MESFETs. In a delta-doped semiconductor 21) , the donors are confined to a few monolayers thick semiconductor lattice, leading to confinement of charge carriers by a potential well. The higher mobility in the delta-doped channel compared to a uniformly-doped channel with equivalent sheet charge can be attributed to spread of the electron wave function to the undoped regions on either side of the ionized donor charges, resulting in reduced scattering of the electron gas with the ionized donors. Delta-doped channels with silicon donors grown using molecular beam epitaxy have been used to realize a wide range of 2D electron sheet charge in GaAs, from 2 x 10 12 cm -2 to 8 x 10 12 cm - 2 22) . The high 2D sheet charge in combination with a short gate to channel distance can lead to higher transconductance 13, 23, 24) in delta-doped FETs than conventional MESFETs. The peak electric field in a delta-doped MESFET is lower than the peak field value of a conventional MESFET with a uniformly doped channel (with identical gate to channel distance and equivalent sheet charge) 25) . Consequently, delta-doped channels are expected to exhibit superior breakdown characteristics. Delta-doped devices can also be scaled to lower device dimensions maintaining the required aspect ratio for good electrostatic control and do not suffer from significant short channel effects. This enables aggressive scaling of the gate length for high-frequency operation. By utilizing a short gate length of 120 nm on a delta-doped channel of ~1 x 10 13 cm -2 charge, a high drain current of 240 mA/mm and ft of 25 GHz have already been demonstrated in β-Ga2O3 26) .
Delta-doped semiconductors still suffer from significant ionized impurity scattering, due to the overlap and close proximity of ionized donor atoms to the electron sheet charge.
In a modulation-doped channel, the ionized donors and the 2DEG (two-dimensional electron gas) are spatially separated, this results in considerable reduction of ionized impurity scattering in the channel. The study of delta doping in the β-(AlxGa1-x)2O3 barrier layer is also crucial for obtaining a high mobility 2DEG sheet charge at the β-(AlxGa1-x)2O3/β-Ga2O3 heterostructure interface. Based on transport theory, when 2DEG density exceeds 5 x 10 12 cm -2 , electron mobility is expected to be much larger than that of bulk β-Ga2O3 due to enhanced screening of phonon modes 27) . 2DEG sheet charge of 2 x 10 12 cm -2 with an electron mobility of 180 cm 2 /V.s has been reported. This is currently limited by the conduction band offset at the β-(AlxGa1-x)2O3/ β-Ga2O3 heterojunction 28) . Using an ultra-thin spacer layer, 2DEG density as high as 5.1 x 10 12 cm -2 has been reported recently 29) .
Modulation-doping has been explored previously using molecular beam epitaxy [30] [31] [32] , but efforts on modulation-doped MOVPE-grown heterostructures are still in early stages.
Previously, we demonstrated modulation doping using MOVPE-grown uniformly doped β-(Al0.26Ga0.74)2O3 barrier layer 33) with a total electron concentration of 2.3 x 10 12 cm -2 . Based on the lever rule for charge control in modulation-doped heterostructures, the 2DEG charge density is maximized when the donor delta sheet is very close to the β-(AlxGa1-x)2O3/β-Ga2O3 heterointerface. For obtaining high-density 2DEG sheet charge with high mobility without parallel channel in the alloy barrier, a heavily-doped delta sheet with an abrupt doping profile is required in conjunction with a high Al composition β-(AlxGa1-x)2O3 barrier layer. In this work, we report on the study of delta doping in (010)-oriented β-Ga2O3 thin films grown by MOVPE, characterized using capacitance-voltage (CV) profiling and secondary-ion mass spectroscopy (SIMS) analysis. We also report modulation-doping of β-(Al0.26Ga0.74)2O3/ β-Ga2O3 heterojunction, using a delta-doped β-(Al0.26Ga0.74)2O3 barrier. Using low-temperature CV measurements, we confirm the degenerate nature of the 2DEG with a room temperature sheet charge of 6.4 x 10 12 cm -2 .
Growth of β-Ga2O3 is performed using a MOVPE reactor (Agnitron Agilis) utilizing TEGa (Triethyl Gallium), O2 and diluted silane (40 ppm silane diluted with Ar) as precursors and Argon as the carrier gas. Growth is carried out at a temperature of 810 °C and a pressure The list of samples used in this study and the corresponding epitaxial structure details (buffer layer thickness, cap layer thickness, silane flow used for delta doping) is summarized in Table 1 . Silane flows are increased from 1.9 to 34.7 nmol/min in samples A-D, with an aim to study delta doping over a wide range of sheet charge density. When the delta sheet charge density is low, we expect significant depletion of the sheet charge due to surface energy barrier. To avoid significant surface depletion, we utilized a 90 nm thick cap layer for samples A and B. It is essential to completely deplete the delta-doped channel to extract the charge profile of the delta-doped layer from CV measurements. While the thick cap layer is sufficient to modulate and deplete the low delta sheet charge density, highdensity channels could not be depleted before the onset of reverse leakage, due to the low capacitance resulting from a 90 nm thick cap layer. To circumvent this issue, we employed thinner cap layers (<30 nm) to study high-density delta-doped channels (Samples C and D).
Ti/Au (50/50 nm) metal stack deposited by DC sputtering is used to form ohmic contacts.
Ni/Au (50/50 nm) stack deposited by ebeam evaporation is used to form Schottky contacts.
CV measurements are performed on Schottky diodes using Keithley 4200 parametric analyzer to characterize the sheet charge density and FWHM of the charge distribution. the forward tail of the charge profile could also be measured under forward bias. Total electron sheet concentration was measured to be 2.9 x 10 12 cm -2 and 6.2 x 10 12 cm -2 in samples A and B, respectively. In the case of samples C and D, the forward tail of the charge profile could not be measured from CV due to high conductance under forward bias. We measured a sheet charge density of 8 x 10 12 cm -2 and 7 x 10 12 cm -2 for samples C and D respectively. We also measured a carrier concentration full width at half maximum (FWHM) of 15.6 nm and 14.2 nm for samples A and B from the CV depth profile. Half-width halfmaximum (HWHM) of the charge profile (towards the substrate) is measured to be 6.2 nm and 4.7 nm for samples A and B, respectively. The HWHM for samples C and D is 4 nm and 3.5 nm, respectively. We observe a general trend of reducing HWHM with increasing sheet charge density (see supplementary data). This is attributed to enhanced confinement of the wave function at high doping levels due to the deepening of the potential well. We also observe asymmetrical carrier distribution in samples A and B with the HWHM much larger towards the growth surface.
Multiple delta sheets with identical growth conditions as that of Samples A-D are grown on a Fe-doped substrate to understand silicon incorporation and diffusion in delta-doped β-Ga2O3. In addition to changing the silane flow (A-D), we also studied silicon incorporation at two different growth temperatures, namely 775 °C (layer F) and 845 °C (layer E), while keeping the same silane flow (34.7 nmol/min). Secondary-ion Mass Spectroscopy (SIMS) is performed (Eurofins EAG) on the stack to characterize the density of silicon donors and other impurities in the epilayers. To ensure that the interaction between two neighboring delta sheets is negligible, we included a thick UID layer(>140nm) between two adjacent delta sheets. The stack along with the SIMS scan for Si and H species is shown in Fig. 2 .
The total Si atom density changes from 3.4 x 10 12 atoms.cm -2 to 3.9 x 10 13 atoms.cm -2 for silane flow ranging from 1.9 to 34.7 nmol/min. The net silicon concentration extracted from SIMS was observed to scale linearly with respect to the silane flow (slope ~ 1), indicating near-complete incorporation of Si dopants into the β-Ga2O3 thin films. The delta sheet grown at 845 °C (layer E-3.7 x 10 13 atoms.cm -2 ) has a slightly lower charge density compared to 810 °C (layer D-3.9 x 10 13 atoms.cm -2 ) and 775 °C (layer F-3.9 x 10 13 atoms.cm -2 ). This change can be attributed to the increased desorption of Si from the growth surface at elevated growth temperatures. Carbon concentration in our films is close to the SIMS detection limit. Interestingly, we observe a spike in Hydrogen which tracks closely the Si-delta sheet, showing enhanced Hydrogen incorporation at higher silane flows. In three of the delta-doped layers (layers D, E, and F) a significant amount of hydrogen incorporation is observed (total Hydrogen concentration between 8 x 10 12 atoms.cm -2 -1.3 x 10 13 atoms.cm -2 ). We also observe that the layer with lower growth temperature has the highest amount of H incorporation 35) . During the growth interruption step in the absence of TEGa, decomposition of silane results in H2 by-product formation. If the H2 is not purged away quickly, H2 can get incorporated into the epitaxial film. H2 concentration in the UID layer was found close to the detection limit, strongly indicating that silane is the source of H2 in our epilayers during growth interruption for delta doping.
To understand the electrical activity of Si donors in delta-doped layers, we compare the Si atom density from SIMS and measured sheet charge from the CV profile. Figure 3 shows both the SIMS and CV extracted concentration for delta sheets grown under identical conditions. At lower sheet charge density, the Si atom density and electron density extracted from CV match very well, indicating close to 100 % activation of Si donors. At high Si atomic density (samples C and D) we see a large deviation of extracted sheet charge (CV) from the SIMS concentration. Even accounting for the surface depletion and the expected underestimation of charge measured from CV technique in sample D, the measured electron concentration is significantly lower than that of the SIMS measurement. This suggests a strong compensation effect or passivation of donors 22) , requiring further detailed transport measurements and annealing experiments to understand the discrepancy between SIMS and CV measurements. 36) Detailed growth optimization is required to develop strategies for a sharp delta doping profile in MOVPE-grown thin films (see supplementary data).
We utilized delta-doping in the β-(AlxGa1-x)2O3 barrier to realize a high 2DEG concentration at the β-(AlxGa1-x)2O3/ β-Ga2O3 heterointerface. The epitaxial structure is shown in Fig. 4(a) . The stack consists of 260 nm UID β-Ga2O3 buffer layer followed by 18 Room temperature CV measurements ( Fig. 4 (c) ) are performed on 300 μm diameter size circular Schottky pads. 2DEG sheet charge of 6.4 x 10 12 cm -2 is extracted from the depth profile ( Fig. 4 (d) ). In order to confirm the degenerate nature of the 2DEG, we performed low-temperature CV measurements (90 K) to observe any change in the 2DEG concentration. We extracted a sheet charge density of 6.1 x 10 12 cm -2 at 90 K. Considering that delta sheets in β-Ga2O3 have relatively large FWHM, we cannot rule out-diffusion of Si-donors into the UID β-Ga2O3 channel. A considerable amount of charge could result from diffusion of Si-donors in the β-Ga2O3 channel, in addition to modulation doped carriers from delta-doped barrier layer. In order to characterize electron mobility of the 2DEG, the epitaxial structure needs to be grown on insulating substrates and direct ohmic contacts to the channel and ohmic contact regrowth are required 28) . Furthermore, low-temperature hall measurements 28) are required to confirm the absence of a parallel channel in the β-(Al0.26Ga0.74)2O3 cap layer. Nevertheless, the high-density degenerate gas demonstrated in this work establishes the promise of MOVPE growth technique to realize ultra-wide band gap heterostructures for high frequency device applications.
In summary, we demonstrate silicon delta doping in MOVPE-grown (010)-oriented β-Ga2O3 epitaxial films. Samples A and B show good agreement between SIMS and CV measurements (ns -2.9 x 10 12 and 6.2 x 10 12 cm -2 ), whereas samples C and D show a significant difference between SIMS and CV, indicating electrical activity issues with Si incorporation at high silane flows (ns -8 x 10 12 and 7 x 10 12 cm -2 ). We also observed a high concentration of hydrogen in our films at elevated silane flows. HWHM extracted from CV depth profile decreased with increasing sheet charge concentration (6.2 -3.5 nm). Finally, we report a high 2DEG electron sheet charge of 6.4 x 10 12 cm -2 by using a delta-doped β-(Al0.26Ga0.74)2O3 barrier layer. The CV extracted charge density showed no significant change for measurements at 90K and 300 K, indicating the degenerate nature of electron gas.
These early results on delta doping show the potential of the MOVPE growth for realization of high quality β-(AlxGa1-x)2O3/ β-Ga2O3 2DEGs. Further optimization of the growth process is needed to achieve abrupt doping profiles in MOVPE-grown β-Ga2O3. Table 1 . 
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FWHM comparison of delta-doped β-Ga2O3 thin films
Depth profiles extracted from CV measurements represent the apparent free carrier concentration profiles instead of the donor density distribution. In uniformly doped semiconductors, the resolution of the CV measurement is limited by the Debye length. In order to estimate the FWHM of the delta-doped layers, it is important to make sure that the measured FWHM values are greater than the CV resolution. In degenerate semiconductors with quantum confinement, the CV resolution is not limited by the screening length. Instead, the resolution depends on the spread of the wave function confined by the quantum well (Eq.1). Assuming an ideal delta sheet of donors, the wavefunction spread (Δzcv) can be approximated as 22) , 
Where ħ is the reduced Planck's constant, ε is the dielectric constant of (010) oriented β-Ga2O3(10), m * is the conduction band effective mass in β-Ga2O3(0.28 m0), e is charge of the electron and N2D is the electron sheet charge density. Figure. S1 shows the theoretical FWHM for an ideal delta sheet and FWHM measured from CV and SIMS measurements. Clearly, the FWHM measured by CV and the Si FWHM measured using SIMS is much higher than the ideal delta doping profile, indicating that our measurements are not limited by the CV resolution. In 
